We have developed a series of cholic acid derivatives that includes compounds that act as potent antibiotics against gram-negative and gram-positive bacteria. In addition, compounds within this series effectively permeabilize the outer membranes of gram-negative bacteria, thereby sensitizing the bacteria to hydrophobic antibiotics. These cholic acid derivatives were developed (3, 4) to mimic the bactericidal behavior of polymyxin B (PMB) and the outer membrane-permeabilizing properties of truncated versions of PMB, such as deacyl PMB (10) and PMB nonapeptide (9) . The cholic acid derivatives contain elements conserved among the polymyxin family of antibiotics, that is, a cluster of three amine groups and a hydrophobic chain. Cholic acid derivatives containing these two elements are potent antibiotics, while those lacking the hydrophobic chain effectively sensitize gram-negative bacteria to erythromycin, novobiocin, and rifampin.
MATERIALS AND METHODS
Antibacterial compounds. The syntheses of compounds 1 to 8 have been reported previously (3, 4 Determination of MICs and MBCs. MICs and minimum bactericidal concentrations (MBCs) for bacteria were determined by a broth macrodilution method with Mueller-Hinton broth (6, 7) (Mueller-Hinton broth for S. pyogenes and E. faecalis was supplemented with lysed horse blood [6] ). Sabouraud dextrose broth was used with C. albicans. Each compound was initially screened to determine its MIC range. Subsequently, concentration increments of the cholic acid derivatives were varied by the following criteria. For MICs above 10 g/ml, increments of 5 g/ml were used; for MICs between 1 and 10 g/ml, increments of 1 g/ml were used; and for MICs less than 1 g/ml, increments of 0.1 g/ml were used. This procedure was used in an effort to observe small differences in MICs and MBCs. Each MIC and MBC was measured a minimum of 10 times, with results varying less than 10%. The averaged results are reported.
Determination of MHCs. The cholic acid derivatives were dissolved in 0.85% saline, and the solution was diluted with Dulbecco phosphate-suffered saline and Synergism is defined by a FIC of Ͻ0.5. Synergy tests with erythromycin, novobiocin, and rifampin were performed by a broth macrodilution method. A concentration of 0.5 g of rifampin/ml was used with E. coli and K. pneumoniae, and a concentration of 3 g of erythromycin/ml was used with P. aeruginosa. In all other experiments, the antibiotics were used at 1 g/ml. Each FIC was measured a minimum of 10 times, with results varying by less than 10%. The averaged results are reported.
RESULTS AND DISCUSSION
MIC and MBC data for the cholic acid derivatives with representative strains of gram-negative and gram-positive bacteria are shown in Table 1 . Also included in the table are MICs for C. albicans. For comparison purposes, the MICs of PMB for various organisms were also measured and are presented in Table 1 . The cholic acid derivatives display a range of activities, some with submicrogram-per-milliliter MICs. In addition, for many organisms, MICs and MBCs are very similar, especially with the most active compounds.
The nature of the group extending from the steroid nucleus at C-17 greatly influences the activity of the compounds with gram-negative bacteria. Compounds with a hydrophobic chain (e.g., 7 and 8) are potent antibiotics, while those with smaller chains extending from C-17 (e.g., 4 and 5) give higher MICs and MBCs. We have suggested (4) that the role of the hydrophobic chain is to facilitate "self-promoted transport" (2) of the compounds through the outer membranes of gram-negative bacteria, allowing access to the cytoplasmic membrane.
Compared to trends observed with gram-negative bacteria, the role of a hydrophobic chain in the activity of the cholic acid derivatives is less pronounced with gram-positive organisms because self-promoted transport is unnecessary. With a few exceptions (most notably compound 4), the cholic acid derivatives shown in Fig. 1 have similar activities against grampositive bacteria.
The cholic acid derivatives are much less active against C. albicans than against bacteria. Under physiological conditions the cholic acid derivatives bear multiple positive charges and likely associate strongly with the negatively charged membranes of bacteria. The membranes of eukaryotic cells generally bear less of a negative charge than those of prokaryotes (5) . Consequently, it is not unexpected that the cholic acid derivatives demonstrate decreased activity against C. albicans.
The MHCs (in micrograms per milliliter) of the compounds shown in Fig. 1 are as follows: compound 1, 78; 2, 58; 3, 26; 4, Ͼ100; 5, 100; 6, 5.9; 7, 29; and 8, 9.0. These results suggest that some of these compounds are well tolerated by eukaryotic cells.
The cholic acid derivatives lacking a hydrophobic chain were designed to increase the permeability of the outer membranes of gram-negative bacteria. Some of the compounds display potent synergism with hydrophobic antibiotics that ineffectively traverse the outer membranes of gram-negative bacteria ( Table 2) . We determined the FICs of compounds 1, 2, 4, 5, and 6 with erythromycin, novobiocin, and rifampin (Tables 3 to  5 ). Many of the FICs shown in Tables 3 to 5 are comparable to those reported for PMB derivatives (8) . Compounds 3, 7, and 8 are potent antibiotics alone, and therefore the FICs of these cholic acid derivatives were not determined.
The cholic acid derivatives display activities similar to those of PMB and its derivatives against gram-negative bacteria. That is, compounds containing a hydrophobic chain (PMB, 7, and 8) act as potent antibiotics and compounds lacking the hydrophobic side chain (deacyl PMB, PMB nonapeptide, 4, and 5) are effective permeabilizers of the outer membranes of gram-negative bacteria. To the extent that the cholic acid derivatives mimic the behavior of PMB, the compounds may indicate the functionality necessary for the activity of PMB. This functionality can be distilled down to an array of amines (or other basic groups, such as guanidines) oriented on one face of a hydrophobic scaffolding, with an attached acyl or alkyl chain facilitating self-promoted transport through the outer membrane.
Permeabilizers, such as compounds 4 and 5, may be useful in synergistic combination with antibiotics, such as erythromycin or rifampin, in inhibiting the growth of gram-negative bacteria, whereas alone the antibiotics are ineffective. Derivatives with a hydrophobic side chain, such as compounds 6, 7, and 8, alone display low MICs with gram-negative and gram-positive strains of bacteria. However, their systemic use may be limited by their hemolytic activity. Nevertheless, due to their potent activity and simplicity, they may be well suited for topical applications. 
